In a yeast two-hybrid screen using the Drosophila Axin protein as a bait, we have identified a Drosophila homolog of CAP, a component of the glucose transport regulatory complex. Through alternative splicing, the DCAP gene generates a set of five different proteins with unique N-terminal sequences and a common C-terminal SH3 domain. DCAP is predominantly expressed in the midgut and fat bodies of late-stage embryos, suggesting a role in insulin-mediated glucose transport in these organs. q
Results
In Drosophila, the Wingless (Wg) signal is transduced through the Frizzled (Bhanot et al., 1996) and Arrow (LRP) receptors (Wehrli et al., 2000) , Dishevelled, Zw3 (GSK3b) and Axin (Zeng et al., 1997; Hamada et al., 1999; Willert et al., 1999) to activate the Armadillo (or b-catenin) mo lecule. Many of the Wg signal transduction components are dedicated to this pathway, but there are also cases of proteins that work in other systems as well: the GSK3 (glycogen synthase kinase 3) enzyme is also involved in glucose metabolism, for example. In this work, we provide evidence that Axin can interact with another protein involved in glucose metabolism, the CAP protein.
We carried out a yeast two-hybrid screen using an expression library made from Drosophila embryo RNA and Drosophila Axin as a bait, and identified a protein containing three SH3 domains in the C-terminus. This gene was mapped to the second chromosome 46F9 to 47A1 (data not shown). We cloned full-length cDNA of this gene from embryonic Drosophila libraries. The gene generates five types of mRNAs encoding proteins with distinct N-terminal sequences ( Fig. 1(a) ), generated by alternative splicing (Fig.  1(b) ). We named these spliced forms, L1 (2376aa), L2 (1743aa), L3 (824aa), L4 (527aa), and S (313aa). The various N-terminal sequences have no homology with each other, but several proline-rich domains are found in each N-terminus.
We searched for homologous proteins in other species, and found that L3 has considerable homology with the mammalian CAV family proteins, CAP/Ponsin (Ribon et al., 1998 , Mandai et al., 1999 , ArgBP2 (Wang et al., 1997) , and Vinexin (Kioka et al., 1999) (Fig. 1(c) ). The N-terminal sequences of these proteins have low homology, but all of them have a sorbin-like domain in the N-terminus and three SH3 domains in the C-terminus. Because of the similarity to mammalian CAP, we named the Drosophila protein DCAP.
However, other forms of DCAP have no homology with any proteins or the CAV family except for the SH3 domain. Moreover, DCAPL3 is the only CAV family member in Drosophila genome. Originally, mammalian CAV family proteins were found as proto-oncogene binding proteins and they associate with the actin cytoskeleton, having various functions in cell signaling. Among the CAV family proteins, CAP has been reported to be involved in insulinstimulated glucose transport (Ribon et al, 1998 , Bauman et al, 2000 , Chiang et al., 2001 .
Next, we examined the expression pattern of DCAP by Northern blotting using the common SH3 domains as a probe ( Fig. 2(a) ). The main transcripts of DCAP are 3, 6, and 9 kb, and appear from 10 h after egg laying (AEL). Judging from subtype-specific Northern blots (data not shown), the 9 and 6 kb bands correspond to DCAPL1, L2, respectively, and the 3 kb band corresponds to L3, L4 and S. We also generated anti-DCAP antibodies (against the common SH3 domains) ( Fig. 2(b) , (c)) and determined the time courses of DCAP expression in the embryo. DCAP protein is detected as five different molecular weight bands, and the expression is first detectable 13 h AEL with a gradual increase ( Fig. 2(c) ).
To verify the binding between Axin and DCAP, we made various constructs with glutathione-S-transferase (GST) or poly Histidine-tags (His-tag). Results are shown in Fig. 3 . Daxin has three proline-rich domains (PRD) consensus sequences (PXXP motif, amino acids (aa), 315, 525, and, 612), known to be a binding motif of SH3 domains (Feng et al., 1994) . Confirming the two-hybrid data, DCAP binds to Axin (Fig. 3, right panel) . We also found that the N-terminus of DCAPL3 binds to its own SH3 domains (DCAPS, Fig. 3, left panel) , suggesting an intramolecular interaction between the SH3-PRD, and the SH3 domains of DCAP.
We also examined the localization of DCAP by in-situ hybridization. We found that DCAP is predominantly expressed in midgut and fat bodies in late-stage embryos ( Fig. 4(a) ). These organs consist of insulin response cells such as muscle cells or adipocytes, respectively. To further examine the relation between DCAP expression and glucose metabolism, we established a periodic acid Schiff (PAS) staining method in Drosophila embryos to detect endogenous glycogen. Glycogen is abundant in eggs and early embryos (Fig. 4(b) ), presumably coming from maternal sources. However, as development proceeds, glycogen is metabolized and levels become low before gastrulation. These low levels are maintained during middle stages (3-10 h AEL, stages 5-14). Then glycogen begins to accumulate in the midgut (stage 15 , ), and spreads all over the embryo until hatching. It is interesting to note that the secondary accumulation of glycogen coincides with expression of DCAP in the midgut and the fatbody. Further work will be required to address the function of this DCAP in Drosophila development. Gene structure of DCAP. Boxes are exons and all types of DCAP are generated from a single gene. Each type of coloured boxes indicates type-specific exons and white boxes are alternatively spliced. Note that L1and L2 have a huge exon, 6054 and 3817 bp, respectively. (c) DCAPL3 and mammalian CAV family proteins. CAP/Ponsin, ArgBP2, and Vinexin have the common structure that consists of a sorbin-like domain, proline-rich domains in the N-terminus, and three SH3 domains in the C-terminus. Compared to DCAPL3, homology of their N-terminus is not high.
Experimental procedures

Yeast two-hybrid screening and cDNA cloning
The screening was carried out using the Matchmaker LexA two-hybrid system (Clontech) according to the manufacturer's instructions. Several bait fragments of Axin were made and screened in a Drosophila whole stage embryonic library. SH3 domains of DCAP were recovered by both bait three (361-600 aa) and bait four (500-747 aa). The positive interactions were detected in a Leucine-lacking and X-galcontaining selection plate. For cDNA cloning of DCAP, whole stage embryonic libraries of lZAPII were screened. GenBank accession numbers of DCAP are L1 (AB053478), L2 (AB053479), L3 (AB053480), L4 (AB053481), and S (AB053482). In the earlier published abstracts, we have referred to this gene as Rexin, but we prefer DCAP to indicate the homology with the mammalian gene.
Northern blotting, in-situ hybridization, and Western blotting
Various stages of total RNA (10 mg) were used for Northern blotting using the common sequence of the SH3 domains as a probe. Whole-mount embryo in-situ hybridization was performed on 0-24 h embryos using digoxygenin-labelled DNA probes (Behringer) of the common SH3 domains as described with minor modifications (Bhanot et al., 1996) .
For antibody production, the SH3 domains of DCAPS were cloned into the GST-fusion protein plasmid pGEX-6P-1 vector (Amersham-Pharmacia) to be expressed in bacteria. The fusion protein was purified as described by vendor and cleaved by PreScission Protease and immunized in rabbits. Antisera were affinity-purified for Western blotting (Willert et al., 1999) . Anti-Daxin was also newly generated by using a different antigen of Daxin (361-600 aa) as the same protocol.
GST-pull-down assay
The baculovirus-Sf9 cell expression system was Fig. 3 . GST-pull down assay by baculovirus-Sf9 cell system. Left panel, full-length Axin (His-tag) is pulled down by GST-DCAPS as the twohybrid result. Right panel, His-tagged DCAPS (SH3 domains only) is pulled down by the GST-fused DCAPL3-N-terminus (contains three PRDs). Transcripts and time course of embryo are examined using the common SH3 domain. The main transcripts are 3, 6, and 9 kb (arrowheads, 9 kb, L1, 6 kb, L2, and 3 kb, L3, L4 and S, respectively), and are expressed from 10 h post-fertilization with gradual increase. (b,c) Anti-DCAP antibody was raised using bacterial expressed antigen of the common SH3 domains. In S2 cell extract, a single band of 32 kD is clearly stained, compared to preimmune control immunoglobulin G (b). (c) Time course of DCAP. DCAP protein is detected as five different bands (arrowheads, L1-S), and they are expressed from 13 h AEL and gradually increase in the same pattern as Northern blotting. Note that some maternally expressed bands are detected but these seem to be non-specific reactions of the antibody, as there is no detectable early DCAP RNA. performed as described in the manufacture's instructions. Constructs of full-length DCAPS, and N-terminus of DCAPL3 (1-511 aa) were made by polymerase chain reaction (PCR) in pAcGHLT-A vector for generation of a GSTfusion protein at the N-terminus (PharMingen). pAcHLT were also used for construction of N-terminal His-tag proteins for full-length Axin and full-length DCAPS. GST fusion protein-affinity chromatography was performed using Glutathion Sepharose 4B column (Amersham-Pharmacia) according to the manufacturer's instruction.
PAS staining of embryos
PAS staining of embryos was performed as standard method. Before staining, fixed and devitellinized embryos were incubated in 0.1 M phosphate buffer (pH 6.0) for 1 h. Embryos were then washed with water and incubated in 0.15% periodic acid for 5 min. After incubation, they were washed again with water, and incubated in Schiff's reagent (Sigma) for 2 min. To halt the reaction, the reagent was removed and the embryos were incubated in stop solution (0.25 M HCl, 3% sodium borate). To confirm endogenous glycogen, embryos were digested in 0.1% of a-amylase (Sigma) containing phosphate buffer for 1 h before PAS staining.
